INTRODUCTION
Histophilus somni poses a major infectious threat to livestock (Tagawa et al., 2005) . It produces a large fibrillar surface antigen called immunoglobulin-binding protein A (IbpA), which is expressed as a series of proteins from 76 to 350 kDa. The IbpA protein bears sequence identity to Bordetella pertussis filamentous hemagglutinin (FhaB), an essential virulence factor that mediates adhesion to the host respiratory epithelium (Jacob-Dubuisson et al., 2001) . The COOH terminus of IbpA is homologous to the Yersinia type III secreted effector, YopT, which causes host cell cytotoxicity (Shao et al., 2002) . Convalescent serum from symptomatic animals infected with H. somni recognizes IbpA, while serum from asymptomatic animals does not (Yarnall and Corbeil, 1989) . As such, the presence of IbpA directly correlates with H. somni virulence. We hypothesized that IbpA's filamentous hemagglutinin (FHA)-like domain mediates attachment to host cells, while its COOH terminus containing the YopT homology sequence could serve as a cytotoxic effector when internalized into host cells. Indeed, histological characterization of in vivo pathogenesis indicates that H. somni causes endothelial cell damage (Gogolewski et al., 1987a) .
We previously demonstrated that Yersinia YopT functions as a cysteine protease that cleaves and inactivates Rho GTPases (Shao et al., 2002) . In the present study, we report that the YopT-like domain of IbpA does not disrupt the actin cytoskeleton, despite its conservation of the key catalytic C/H/D triad that defines members of the YopT family. Instead, we discovered an unexpected virulence determinant in IbpA encoded by its filamentation-induced by c-AMP (Fic) domains. Although Fic domains are found in proteins from bacteria to humans, their activity has remained unknown until recently, where one Fic domain-containing protein was shown to catalyze an adenosine monophosphate (AMP) modification on threonine residues of Rho GTPases (Yarbrough et al., 2009) . We now show that the Fic domains of IbpA also induce cytotoxicity by targeting the host GTPases, RhoA, Rac, and Cdc42; however, they block signaling by these GTPase by catalyzing the addition of AMP to a tyrosine (Tyr) residue in the GTPase switch I region. This reaction, and cytotoxicity, depends on the presence of a conserved histidine (His) in the Fic domain's core motif, HPFxxGNGR. We extend these findings to show that the sole human protein with a Fic motif, HYPE, which has been previously reported to interact with huntingtin (Faber et al., 1998) , is also capable of adding AMP to RhoA, Rac, and Cdc42 in vitro. These findings identify a unique class of enzymes that mediate bacterial pathogenesis via adenylylation and suggest that addition of AMP may be an underappreciated posttranslational modification in higher eukaryotes.
RESULTS

Identification of a YopT Homolog in H. somni
Psi-BLAST analysis of Yersinia pestis YopT identified a highly conserved YopT-like domain in H. somni that is located near the COOH terminus of a 4095 amino acid protein called IbpA. YopT is a CLAN 58 cysteine protease that requires a conserved C/H/D catalytic triad for function (Shao et al., 2002) . Accordingly, the YopT homology domain of IbpA contains this same catalytic triad ( Figure 1 ). In addition, IbpA contains a FHA-like domain near the N terminus. The FHA domain is preceded by an N-terminal signal sequence important for secretion of this protein, followed by a coiled-coil (CC) domain and two Fic domains immediately preceding the YopT-like sequence (Figure 1 ). Unlike Yersinia YopT that is secreted by a type III secretory mechanism (Cornelis and Van Gijsegem, 2000) , IbpA is secreted from the bacteria using a two-partner secretion system, forms a fibrillar network on the bacterial surface, and likely serves as an adhesin to allow bacterial attachment to the host respiratory epithelium (Tagawa et al., 2005) . The CC domain is important for the fibrillar structure of large bacterial surface proteins (Fischetti, 1989) . Very little is known about the Fic-containing domains. In E. coli, the Fic protein is suggested to comprise a regulatory circuit that controls bacterial cell division, as a deletion of the fic gene results in aberrant septation, giving the bacteria a filament-like appearance (Utsumi et al., 1982) .
Expression of IbpA-COOH Results in Disruption of the Host Actin Cytoskeleton
We sought to determine if the YopT-like domain of IbpA functioned similarly to YopT of Yersinia species. To this end, we expressed amino acids 3222-4087 of IbpA as an enhanced green fluorescent protein (EGFP)-tagged fusion protein (designated IbpA-COOH) in HeLa cells (Figure 1 ). HeLa cells transfected with the EGFP vector control did not show any signs of cytoskeletal collapse (Figures 2A and 2B ). However, expression of IbpA-COOH in HeLa cells resulted in plasma membrane retraction and disruption of actin stress fibers at 8 hours posttransfection (Figures 2E and 2F) . As shown previously, transient transfection of HeLa cells with Yersinia EGFP-YopT also resulted in drastic cytoskeletal collapse (Figures 2C and 2D; Shao et al., 2002) . Interestingly, the cell-rounding phenotype associated with YopT was much more dramatic than that seen with IbpA-COOH, which led us to question whether the YopT-like sequence of IbpA functioned in a manner similar to the Yersinia YopT.
The Fic Domains Are Responsible for Disruption of the Host Actin Cytoskeleton
To define the region of IbpA-COOH responsible for cytoskeletal collapse, we analyzed deletion mutants and site-specific mutants of IbpA-COOH in tissue culture assays. Transient transfection of HeLa cells with an N-terminal deletion mutant, IbpA-COOHDN (amino acids 3781-4087), which expresses only the Yop-T like domain of IbpA, surprisingly failed to disrupt the actin cytoskeleton ( Figures 2G and 2H ). In addition, expression of IbpA-C3910S in which the homologous cysteine residue critical for YopT's catalytic activity is mutated still caused host cell rounding, suggesting that IbpA-COOH is not a cysteineprotease harboring the same substrate specificity as YopT (Figures 2I and 2J) . In agreement with these data, expression of IbpA-COOHDC (amino acids 3222-3781) in which the YopTlike sequences are deleted but the Fic sequences are expressed still disrupted the host cytoskeleton ( Figures 2K and 2L) . We conclude that the Fic-containing domains of IbpA, and not the YopT homology region, are responsible for the observed cytoskeletal collapse.
The Fic consensus sequence is present within two highly homologous direct repeat sequences of H. somni IbpA, designated Fic1 and Fic2 (Figure 1 ). To assess if these direct repeats can individually disrupt the actin cytoskeleton, we transiently transfected HeLa cells with constructs encoding the EGFPtagged fusion proteins of Fic2 ( Figures 2M and 2N ) or Fic1 ( Figures 2O and 2P ). In each case, the Fic domain-containing fusion protein caused host cell cytotoxicity in a manner similar to IbpA-COOH.
Fic Domains Are Conserved in Bacteria and Eukaryotes
Iterated Psi-BLAST analysis using H. somni Fic2 as an index protein against nonredundant and EST-based databases retrieved several proteins with amino acid sequences showing IbpA contains an N-terminal secretion signal (hatched rectangle) followed by a filamentous hemagglutinin-like domain (FHA-like, blue box). Internal coiled coils (CC, blue boxes) precede two Fic-containing domains (FIC, light orange boxes). The YopT homology domain is present at the C terminus (YopT, blue box), and the invariant catalytic C/H/D residues of IbpA and Y. pestis YopT are indicated. The invariant residues of IbpA's Fic motif, HPFAEGNGR, are noted. The IbpA-COOH, Fic1, and Fic2 sequences are shown. All sequences are numbered from the initiator methionine for IbpA. significant identity to Fic2. These proteins shared a consensus motif of HPFxxGNGR, with a conserved predicted secondary structure of an a-b-a-b topology around the consensus motif ( Figure 3A ). These Fic domains are found throughout evolution in bacterial pathogens, prophages, and eukaryotes, including humans, with a notable exception in yeast and plants. Figure 3A shows an alignment of selected proteins that define the diversity of these Fic domains. Interestingly, the Fic domains of IbpA have a high degree of similarity to the Fic domains found in eukaryotes. A single copy of the Fic domain is found in the human genome. This protein, known as HYPE, interacts with the glutamine-rich N terminus of huntingtin (residues 1-425) and contains a tetratricopeptide repeat (TPR) that could serve as a cellular targeting sequence (Faber et al., 1998) .
The Conserved His3717 in Fic2 Is Essential for Cytotoxicity Alignment of the Fic domain-containing proteins revealed a common consensus sequence of HPFxxGNGR. We reasoned that one or more of these highly conserved residues would be critical for activity and generated point mutations in the context of the Fic2 protein for H3717A, N3723A, R3725A, and R3728A. Transient transfection of these mutated sequences into HeLa cells revealed that only the H3717A mutation abolished the ability of Fic2 to disrupt the host actin cytoskeleton ( Figure 3B ). Thus, H3717 likely represents a critical catalytic residue for Fic activity. fected Fic2 from HeLa cells failed to pull down RhoA, Rac, or Cdc42, indicating the lack of a sustained direct interaction between the Fic domain and Rho GTPases (data not shown). Further, coexpression of constitutively active or dominant-negative versions of RhoA (RhoA-G14V or T19N, respectively), Rac (RacG12V or T17N, respectively), or Cdc42 (Cdc42G14V or T17N, respectively) with Fic2 failed to reverse Fic2-mediated cytoskeletal collapse (data not shown). We therefore sought to determine if expression of Fic2 in mammalian cells blocked signaling by precluding the binding of RhoA, Rac, and Cdc42 to their downstream effectors, rhotekin and PAK, respectively (Benard et al., 1999; Ren and Schwartz, 2000; Sander et al., 1998) . The rhotekin protein exhibits a selective affinity for the GTP-bound form of RhoA. The rhotekin protein-binding domain (Rht-PBD) expressed as a GST fusion protein was purified from bacteria and incubated with extracts prepared from HeLa cells expressing constitutively active RhoA-G14V or the dominantnegative RhoA-T19N in the presence of Fic2 or Fic2-H3717A. As expected, Rht-PBD interacted with RhoA-G14V, but not with RhoA-T19N ( Figure 4A ). Interestingly, activated RhoA failed to bind the Rht-PBD when coexpressed with Fic2, but bound Rht-PBD when coexpressed with the inactivated Fic2-H3717A. Similarly, coexpression of Fic1 with activated RhoA prevented RhoA-G14V from interacting with the Rht-PBD ( Figure 4A ). These data suggest that Fic activity blocks signaling to one or more downstream targets of RhoA. Likewise, Fic2 and Fic1 reduced binding of Rac to one of its downstream effectors, PAK ( Figure 4B ). The PAK protein exhibits a selective affinity for the GTP-bound form of Rac or Cdc42. We expressed the PAK PBD as a GST fusion protein in bacteria and subjected it to the pulldown analyses described above. The PAK-PBD interacted only with RacG12V. This interaction was significantly reduced by coexpression of RacG12V with Fic2 or Fic1, but not with Fic2-H3717A ( Figure 4B ). Together, these results suggest that Fic1/2 elicits disruption of the host cytoskeleton by modifying activated RhoA and Rac, thereby preventing them from interacting with their downstream effectors.
Fic2 Adds an AMP Moiety to a Tyr Residue in RhoA, Rac, and Cdc42 We speculated that Fic2 precluded binding of RhoA and Rac to their downstream effectors by enzymatically modifying these GTPases. To test this hypothesis, we isolated GST-tagged Fic2 and incubated it with GST-tagged RhoA, Rac, or Cdc42 in an in vitro reaction containing ATP and Mg 2+ (Experimental Procedures). The reaction products were analyzed by tandem mass spectrometry (MS/MS) to determine if any modified residues could be detected on RhoA, Rac, or Cdc42. Interestingly, one peptide within RhoA, Rac, and Cdc42 had a mass shift of 329 Da. This mass is consistent with the addition of AMP to the GTPase. Our mass spectrometry data also identified the modified residue as Y34 in RhoA, Y32 in Rac, and Y32 in Cdc42 ( Figure 4C ). This Tyr is conserved and constitutes a critical residue in the switch I region of the GTPases, which plays an essential role in GTPase activation ( Figure 4D ). These observations suggest that Fic2 represents a unique bacterial adenylylation enzyme that targets the GTPases, rendering them incapable of interacting with their downstream effectors.
Fic2 Uses ATP to Adenylylate RhoA, Rac, and Cdc42 To confirm our mass spectrometric observations, we performed in vitro reactions in which recombinant GST-Fic2 was incubated with purified GST-RhoA, -Rac, or -Cdc42 fusion protein in the presence of a 32 P-ATP. The 32 P label was robustly transferred to RhoA, Rac, and Cdc42 by wild-type Fic2 but much less efficiently when the Fic H3717A mutant was used ( Figure 5A ). (Pei et al., 2008) , and manually adjusted using secondary structure predictions from PSIPRED (McGuffin et al., 2000) . The two Fic-containing domains of IbpA, Fic1, and Fic2 bear greatest sequence similarity to the two Fic-containing domains of P. multocida, PfhB2, followed by mammalian HYPE. Selected Fic motifs displaying their diverse evolutionary conservation in descending order of similarity to IbpA's Fic2 domain are shown. Listed from left to right are species, protein, accession number, and amino acids. Identities are boxed in blue. Similarities are shaded gray. The Fic HPFxxGNGR active site motif and the catalytic His residue are highlighted in red. The conserved predicted secondary structure for the Fic motif based on the prediction for Fic2 is diagramed; a helices ( (B) Histidine 3717 is critical for Fic2 cytotoxicity. The invariant putative active site residues identified in the Fic family members were mutated in the context of EGFP-Fic2 and phenotypically assayed in HeLa cells. Cell transfection, mutant Fic2 expression, and cell morphology were visualized by EGFP fluorescence (top panels). Actin filaments were visualized by rhodamine phalloidin staining (bottom panels). Wild-type (WT) Fic2 and its N3723A, R3725A, and R3728A mutants remained cytotoxic, but the vector control and the Fic2 H3717A mutant were not cytotoxic.
No label was transferred when g 32 P-ATP was substituted for a 32 P-ATP, indicating that the transfer of 32 P represents addition of the AMP and not transfer of a phosphate moiety to the GTPases.
To further check whether Fic2 transferred an AMP moiety to the conserved Tyr residues of RhoA, Rac, and Cdc42, we incubated recombinant GST-Fic2 with GST-tagged and purified RhoA-Y34F, Rac-Y32F, or Cdc42-Y32F mutants in an in vitro reaction, as described above. GST-RhoA-Y34F, GST-RacY32F, and GST-Cdc42Y32F were not modified by Fic2, as evidenced by the lack of 32 P transfer ( Figure 5B ). Experiments carried out using a 32 P-GTP instead of aP 32 ATP failed to transfer 32 P to the Rho GTPases. As expected, GST alone could not transfer label to the GTPases. Finally, Fic1 is also proficient in transferring the a 32 P-AMP moiety to RhoA, Rac, and Cdc42 in a manner analogous to Fic2 ( Figure 5B and data not shown). These experiments demonstrate that Fic2 and Fic1 act as adenylylation enzymes that add AMP to critical Tyr residues in the switch I region of RhoA, Rac, and Cdc42.
Phosphodiesterase Treatment Reverses Adenylylation
Since addition of AMP to a Tyr residue results in the formation of a phosphodiester bond, we postulated that this bond would be susceptible to cleavage by phosphodiesterases (PDEs), resulting in the removal of the AMP moiety. GST-Fic2 was incubated with GST-Rac in an in vitro adenylylation reaction containing a 32 P-ATP. Snake venom PDE (type I) that targets phosphodiester bonds on proteins or bovine spleen PDE (type II) that specifically cleaves phosphodiester bonds on DNA or RNA was added to the adenylylation reaction samples for the indicated times and analyzed for presence of radiolabeled GSTRac. As anticipated, snake venom PDE removed the 32 P moiety, but bovine spleen PDE did not ( Figure 5C ).
Substrate Specificity of the Fic Domain
Our results thus far show that H. somni Fic2 (and Fic1) represents a bacterial virulence factor that transfers AMP to the mammalian GTPases. We hypothesized that Fic2 might show a substrate preference, catalyzing the adenylylation of the active GTPases, but not the inactive GDP-bound forms. To test this hypothesis, we transiently transfected HeLa cells with HA-tagged RhoA-G14V, RhoA-T19N, Rac-G12V, Rac-T17N, Cdc42-G14V, or Cdc42-T17N, immunoprecipitated these constitutively active or dominant-negative versions of the GTPases, and then incubated the immunoprecipitated GTPases with wild-type GSTFic2 recombinant protein and a 32 P-ATP in the reaction described above. Our analysis confirmed that Fic2 modified only the constitutively active forms of RhoA, Rac, and Cdc42 but did not act on their dominant-negative isoforms ( Figure 5D ).
Relevance of the Fic Domain to H. somni Pathogenesis
We utilized two naturally occurring strains of H. somni to demonstrate the ability of IbpA to adenylylate Rho GTPases. H. somni strain 2336 is the etiological agent of bovine pneumonia (Tagawa et al., 2005) . It expresses and secretes IbpA, which is critical for its virulence. In contrast, H. somni 129Pt is an asymptomatic strain harboring a deletion of the ibpA locus (Cole et al., 1992) . Concentrated culture supernatant (CCS) prepared from H. somni 2336 is highly immunoreactive against anti-Fic2, confirming the expression of IbpA, while CCS from H. somni 129Pt lacks IbpA ( Figure 6A ). Importantly, as described with purified Fic1 and Fic2, H. somni 2336 CCS AMP modifies the purified Rho Figure 5 . In Vitro Activity of the Fic Domains (A) Fic 2 adenylylates RhoA, Rac, and Cdc42. Bacterially expressed GST-Fic2 or GST-Fic2 H3717A was incubated with wild-type RhoA, Rac, and Cdc42 expressed as GST fusion proteins in bacteria in the in vitro adenylylation assay. g 32 P-ATP was substituted for a 32 P-ATP where indicated. Samples were separated on SDS-PAGE and visualized by autoradiography (top panel) and Coomassie staining (bottom panel). The positions of GST-Fic2 and the GST-GTPases on the gel are indicated by arrows. Wild-type Fic2 adenylylates the Rho GTPases while Fic2-H3717A displays reduced activity. In addition, Fic2 is not able to transfer the g-phosphate of ATP to the substrates, as indicated by the lack of transfer of radioactivity in the g 32 P-ATP containing samples.
(B) Fic2 does not modify the indicated tyrosine mutants of RhoA, Rac, and Cdc42. Bacterially expressed GST, GST-Fic2, GST-Fic1, or GST-Fic2-H3717A was incubated with RhoA Y34F, Rac Y32F, and Cdc42 Y32F expressed as GST fusion proteins in bacteria in the in vitro adenylylation assay. Samples were separated on SDS-PAGE and visualized by autoradiography (top panel) and Coomassie staining (bottom panel). The positions that the GST, GST-Fic2, GST-Fic1, and GTPases run on the gel are indicated by arrows. a 32 P-GTP was substituted for a 32 P-ATP where indicated. Fic2 is not capable of transferring a GMP residue to its substrates. In agreement with our mass spectrometry data, Fic2 adenylylates specific Tyr residues of the Rho family of GTPases.
(C) Adenylylation is reversed by the action of phosphodiesterase (PDE). Bacterially expressed GST-Fic2 was incubated with GST-Rac in an in vitro adenylylation reaction containing a 32 P-ATP and subsequently treated with snake venom type I PDE (PDE-I) or bovine spleen type II PDE (PDE-II). Snake venom PDE is capable of removing the a 32 P-AMP moiety.
(D) Fic2 is not catalytically active against dominant-negative RhoA, Rac, and Cdc42. Bacterially expressed GST-Fic2 was incubated with 3xHA RhoA (G14V), RhoA (T19N), Rac (G12V), Rac (T19N), Cdc42 (G14V), and Cdc42 (T19N) isolated from 293 cells in an in vitro adenylylation reaction. Samples were separated by SDS-PAGE and visualized by autoradiography. GST-Fic2 cannot adenylylate the constitutively GDP-bound forms of the GTPases.
GTPases ( Figure 6B Figure 6C ). Therefore, the adenylylation activity of purified Fic1 and Fic2 is mimicked by CCS produced from H. somni 2336 and is undeniably attributed to the Fic domains of IbpA. We extended our findings by analyzing the affect of IbpAexpressing H. somni 2336 on HeLa cell cytotoxicity. To determine whether extracellular IbpA is cytotoxic, HeLa cells were infected with live H. somni at an m.o.i. of 100 or treated with CCS. Both treatments resulted in a rounding and cytoskeletal retraction phenotype of approximately 15% of the HeLa cells ( Figure 6D ). To determine whether Fic2 caused this cytotoxic phenotype, we treated HeLa cells with recombinant Fic2 but were unable to elicit a cytotoxic effect (data not shown). We reasoned that this may be due to the absence of the FHA adhesion domain mediating tight contact between the Fic2 domain and the host cell. Therefore, we assessed whether rabbit antiserum raised against recombinant GST-Fic2 could inhibit this cytotoxic phenotype. Indeed, pretreatment of live H. somni or CCS with anti-Fic2 antiserum from H. somni-infected animals that recognized IbpA showed a significant decrease in the number of rounded/retracted HeLa cells ( Figure 6D ). Pretreatment of live H. somni or CCS with convalescent serum from Figure 6 . Importance of the Fic Domain in H. somni Pathogenesis (A) CCS from H. somni 2336, but not H. somni 129Pt, is immunoreactive against anti-Fic2. CCS from 2336 and 129Pt was separated on SDS-PAGE, transferred to a nitrocellulose membrane, and blotted with antibody raised against Fic2. Only CCS from 2336 was immunoreactive with anti-Fic2. (B) CCS from 2336 adenylylates Rho GTPases. CCS from 2336 and 129Pt was used in an in vitro adenylylation reaction containing GST-RhoA, GST-Rac, or GSTCdc42. Samples were separated by SDS-PAGE and visualized by autoradiography. 2336 CCS adenylylates purified Rho GTPases. (C) CCS from 2336 adenylylates the endogenous Rho GTPases present in HEK293T cell extract. CCS from 2336 or 129Pt was incubated with HEK293T cell extract in an in vitro adenylylation reaction. Samples were separated by SDS-PAGE, Coomassie stained, and visualized by autoradiography. The migration of endogenous GTPases was determined by western analysis using antibody to Cdc42. 2336 CCS adenylylates Rho GTPases in cellular extract. (D) Inhibition of HeLa cell cytotoxicity with antiserum to Fic2 or convalescent serum from H. somni-infected animals. Treatment of HeLa cells with CCS or live H. somni (black bars) induces cytotoxicity as compared to DMEM-treated cells (white bars). Pretreatment of H. somni or CCS with preimmune rabbit serum did not reduce toxicity (gray bars). Treatment with rabbit anti-Fic2 serum (red bars) or convalescent bovine serum (blue bars) caused a significant decrease in the cytotoxic HeLa cells. Error bars denote the mean difference from a representative set of experiments performed in triplicate. Asterisk (*) denotes significant (p value % 0.05) mean difference from cells without serum or those treated with preimmune serum. All groups were significantly different from untreated (medium) control group.
H. somni-infected calves that recognized IbpA also significantly decreased the number of rounded/retracted HeLa cells (Figure 6D) . In contrast, treatment with preimmune serum from the same rabbit failed to reduce H. somni-induced cytotoxicity. These data confirm the role of Fic2 as a new bacterial virulence factor.
The Human HYPE Protein Also Functions as an Adenylylation Catalyst
The Fic motifs of IbpA bear high similarity to eukaryotic Fic motifs, such as the one in HYPE ( Figure 3A) . Therefore, we sought to determine if HYPE could function as an adenylyl transferase. We cloned and purified GST-HYPE, as well as a GST-HYPE-H295A mutant, which contains a point mutation in the putative critical His of HYPE's Fic motif. We tested the ability of each of these proteins to modify recombinant GST-RhoA, GST-Rac, and GST-Cdc42 using a 32 P-ATP. Amazingly, HYPE also transferred the 32 P to RhoA, Rac, and Cdc42, while the HYPE-H295A mutant was catalytically inactive ( Figure 7A ). Since it was difficult to visualize Coomassie-stained GST-HYPE and GST-HYPE-H295A in these assays, we confirmed the presence of equal amounts of wild-type and mutant HYPE by western blot analysis ( Figure 7B ). Additionally, wild-type HYPE failed to transfer an AMP moiety to RhoA-Y34F, Rac-Y32F, and Cdc42-Y32F, indicating that HYPE also likely targets the conserved tyrosine of the switch I region of Rho GTPases ( Figure 7C ). We next incubated GST-HYPE with HEK293T cell extracts and a 32 P-ATP in our adenylylation reaction to determine HYPE's preferred substrate. Surprisingly, a single radiolabeled band corresponding to Rho GTPases, as determined by western blot analysis using antibody to Cdc42, was detected in this reaction ( Figures 7D and 6C ). This band coincided with the radiolabeled Rho GTPases detected when purified Fic2 was incubated with HEK293T cell extracts, indicating that HYPE preferentially modifies Rho GTPases ( Figure 7D ). We therefore sought to determine if HYPE, like Fic1 and Fic2, caused cell rounding when ectopically expressed in mammalian cells. Unlike bacterial toxins/effectors, HYPE is an endogenous mammalian protein that is expressed in all tissues (http://symatlas.gnf.org). Additionally, HYPE contains a hydrophobic N terminus ( Figure 7E ). We therefore reasoned that HYPE expression would be tightly controlled within the mammalian cell and/or that its activity would be compartmentalized, and we did not expect HYPE to induce cytotoxicity even when overexpressed within mammalian cells. As anticipated, expression of HYPE-EGFP in HeLa cells did not induce a cell-rounding phenotype ( Figure 7F ). Accordingly, unlike Fic2, HYPE did not fully inhibit RhoA signaling, as determined by its ability to block wild-type RhoA from interacting with the Rht-PBD ( Figure 7G ). We also tested the ability of the RhoA-Y34F mutant, which cannot be modified by Fic proteins, to signal to rhotekin in this assay. The Tyr at position 34 of RhoA is a critical residue in the switch I region of Rho GTPases that plays an essential role in interaction with Rho GAPs, GEFs, and GDIs and is therefore important for signaling. The importance of this residue is highlighted by the fact that even the most chemically conserved substitution of Tyr 34 to Phe completely abolished the ability of RhoA to bind to the Rht-PBD ( Figure 7G) . Thus, the Fic domains of HYPE and IbpA target a Tyr residue that is essential for Rho GTPase signaling. Taken together, our results suggest we have discovered an evolutionarily conserved enzymatic activity for the Fic domains of H. somni and human HYPE. This activity is likely present in many of the Fic-like domains found in phage, bacteria, and eukaryotic organisms.
DISCUSSION
H. somni infection is characterized by host cell death. We hypothesized that IbpA elicits this cell-death phenotype by mediating attachment via its FHA-like adhesion domain and host cell cytotoxicity via its YopT domain. Surprisingly, molecular dissection of IbpA's cytotoxic activity revealed that its Fic domains, and not the YopT domain, were responsible for its cytotoxic phenotype. Accordingly, the cytoskeletal collapse of HeLa cells in response to transient transfection with Fic2 is less drastic than in cells transfected with YopT; Yersinia YopT mediates cell death as early as 3 hr posttransfection, while Fic2-mediated cytotoxicity is observed at 8 hr posttransfection. Unlike Yersinia YopT, IbpA is not injected into host cells by a type III secretion system but is secreted into the environment by a two-partner secretion pathway, similar to FHA-like proteins of Gram-negative bacteria (Jacob-Dubuisson et al., 2001) . These large surface-tethered antigens create a fibrillar network around the bacterium and are also shed into the surrounding medium. We speculate that following H. somni attachment to the host cell, portions of IbpA containing the Fic domains are pinocytosed by the host cell, thereby exposing the cell cytoplasm to Fic activity. In agreement with this hypothesis, CCS from IbpAexpressing H. somni is capable of adenylylating Rho GTPases, and anti-Fic2 antibodies are capable of neutralizing Fic cytotoxicity in HeLa cells treated with H. somni CCS. We are currently addressing the mechanism(s) by which IbpA's Fic domains enter the mammalian cells.
Fic domain proteins in nonpathogenic bacteria have been implicated in the regulation of bacterial cell division and programmed death, though the mechanisms of action are not known. A temperature-sensitive mutation of the fic gene in E. coli leads to filamentation, characterized by the absence of septum formation during cell division (Utsumi et al., 1982) . The phenotype depends on cAMP receptor protein (CRP), a cAMPbinding transcription factor (Utsumi et al., 1982) . A role for fic in folate biosynthesis has also been proposed, since addition of folate or its precursor PABA to fic mutant cultures blocks filamentation in E. coli (Komano et al., 1991) . All Fic domaincontaining proteins share the consensus motif HPFxxGNGR. We show that Fic proteins add an AMP moiety to RhoA, Rac, and Cdc42, for which the conserved His of the HPFxxGNGR consensus motif serves as a catalytic residue. Further, this function of Fic domains appears to be evolutionarily conserved, since H. somni Fic1 and Fic2 as well as mammalian HYPE display this ability to adenylylate GTPases. It remains to be determined if Fic domains from nonpathogenic bacteria also function in a similar enzymatic manner on a bacterial target.
The covalent attachment of AMP to proteins as a means to regulate their function is rare. The activity of E. coli glutamine synthetase was shown to be regulated by the covalent attachment and subsequent detachment of adenylyl groups to specific Tyr residues in each subunit (Shapiro and Stadtman, 1968 ). This reaction is catalyzed by an adenylyl transferase (ATase, EC 2.7.7.749) that shares no sequence identity with the Fic domain-containing proteins. It is intriguing that the Fic domains Figure 7 . HYPE Adenylylates RhoA, Rac, and Cdc42 on a Tyr Residue (A) HYPE adenylylates RhoA, Rac, and Cdc42. Bacterially expressed GST-HYPE or GST-HYPE H295A was incubated with wild-type RhoA, Rac, and Cdc42 expressed as GST fusion proteins in bacteria in the in vitro adenylylation assay. Samples were separated on SDS-PAGE and visualized by autoradiography (top panel) and Coomassie staining (bottom panel). The GTPases are indicated by an arrow. Wild-type HYPE adenylylates RhoA, Rac, and Cdc42 while the H295A mutant is catalytically inactive. (B) GST-HYPE as visualized by western analyses. The reaction products were separated on SDS-PAGE, transferred into nitrocellulose membrane, and blotted with GST antibody. (C) HYPE does not modify the switch I Tyr mutants of RhoA, Rac, and Cdc42. Bacterially expressed GST-HYPE was incubated with RhoA-Y34F, Rac-Y32F, and Cdc42-Y32F expressed as GST fusion proteins in bacteria in the in vitro adenylylation assay. Samples were separated on SDS-PAGE and visualized by autoradiography (top panel) and Coomassie staining (bottom panel). The positions that GST-HYPE and the GTPases run on the gel are indicated by arrows. (D) HYPE modifies endogenous GTPases in HEK293T cell extracts. Membrane-free HEK293T cell extracts were incubated with bacterially expressed GST-HYPE, GST-HYPE H295A, or GST-Fic2 or without any enzyme. Samples were separated on SDS-PAGE and visualized by autoradiography (left panel) and Coomassie staining (middle panel). Like Fic2, HYPE activity is also directed against Rho GTPases in cellular extracts. (E) Schematic representation of HYPE. The 458 amino acid protein contains a hydrophobic N terminus (gray) consisting of a putative secretion signal (SS) and transmembrane (TM) domain, followed by a tetratricopeptide (TPR) repeat (blue) possibly involved in protein binding, and a Fic (FIC) domain (red). (F) HYPE is not cytotoxic. Immunofluorescence microscopy was performed on HeLa cells transfected with the EGFP vector control and HYPE-GFP. Cell transfection and HYPE expression of the indicated constructs were visualized by EGFP fluorescence. Cell morphology was determined by staining actin filaments with rhodamine phalloidin. HYPE expression is not cytotoxic and does not induce a cell-rounding phenotype. (G) HYPE expression reduces binding of RhoA to its downstream effector, rhotekin. HeLa cells expressing HYPE-GFP or EGFP-Fic2 in conjunction with wild-type FLAG-tagged RhoA or the FLAG-RhoAY34F mutant were lysed and used for affinity precipitation with 30 mg Rht-PBD. The proteins bound to the beads as well as total extract samples were separated on SDS-PAGE, transferred to nitrocellulose membrane, and blotted with FLAG antibody.
of H. somni also utilize the adenylylation of Tyr residues to control the activity of the GTPases and that this plays an important role in pathogenesis. Interestingly, a type III secreted effector, VopS, from Vibrio parahemolyticus contains a putative Fic motif that does not have a conserved HPFxxGNGR sequence but an HGFxxGNGR sequence. Yarbrough and colleagues recently demonstrated that, despite its nonconserved core Fic motif, VopS adds an AMP moiety to the conserved threonine residue of the switch I region of Rho GTPases, thereby blocking their ability to bind to downstream effectors (Yarbrough et al., 2009) .
It is also notable that all of the interacting partners of the GTPases, irrespective of their function, bind to a common set of conserved amino acids that are clustered on the surface of the switch regions (Dvorsky and Ahmadian, 2004) . We have demonstrated that Fic adenylylation of Y34 in RhoA and Y32 in Rac located in the switch I regions blocks RhoA'a ability to bind the rhotekin-PBD and significantly reduces Rac's ability to bind PAK-PBD, respectively. We have also observed that Fic2 is not able to adenylylate the dominant-negative forms of RhoA, Rac, and Cdc42. This is most likely due to the conformational change that occurs in these proteins when they bind GDP as opposed to GTP. Additional studies are underway to assess how Tyr adenylylation affects the exchange of GTP for GDP, the GTPase activities, and the binding of GDIs to the Rho GTPases.
Our report also assigns an enzymatic function to human HYPE. In our in vitro reaction, HYPE adenylylated the GTPases, thereby potentially inactivating them. HYPE is ubiquitously expressed in mammalian cells with highest transcript levels detected in the pituitary, pancreatic islets, liver, and prefrontal cortex (http://symatlas.gnf.org). It is perplexing that a mammalian protein would function to inactivate GTPases, which regulate key signaling pathways within the mammalian cell. It is possible that RhoA, Rac, and Cdc42 do not represent the only physiological substrates for HYPE. As mentioned earlier, HYPE interacts with huntingtin (Faber et al., 1998) and could function to adenylylate huntingtin. However, incubation of purified HYPE with HEK293T cell extracts did not result in a radiolabeled band corresponding to huntingtin. We speculate that this could be because (1) endogenous huntingtin levels are significantly lower than that of all Rho GTPases combined, (2) HYPE works preferentially on only the abnormal forms of huntingtin, or (3) HYPE is indirectly involved in huntingtin regulation. Experiments are underway to test these possibilities.
Our characterization of the adenylylation activity for Fic domains underscores the importance of adenylylation as a posttranslational modification in signaling. It has identified several exciting avenues for study, including a deeper understanding of bacterial pathogenesis as well as exploring this modification in higher eukaryotes.
EXPERIMENTAL PROCEDURES
Cell Culture, Transfection, and Cell Microscopy HeLa cells, grown in 6-well plates in DMEM containing 10% (v/v) fetal bovine serum with 100 mg/ml penicillin/streptomycin (GIBCO) at 37 C in a 5% CO 2 incubator, were transfected with 0.2 mg EGFP-N1 and 1 mg IbpA-COOH or its derivatives and 3 ml FuGENE6 (Roche Molecular Biochemicals) as recommended by the manufacturer. To assess cell morphology, actin stress fibers were stained with rhodamine phalloidin and visualized by microscopy 8-24 hr after transfection.
Protein Expression and Purification
GST-fusion proteins were expressed in E. coli BL21 RILP (Stratagene) in 2xYT medium containing 100 mg/ml of ampicillin (pET-GSTx, pGEX-2T, pGEX-4T3) or kanamycin (pET41a) to a density of 0.6 A 600 . Protein expression was induced for 3-5 hr at 30 C with 0.4 mM isopropyl-b-D-thiogalactopyranoside (IPTG). Cells were lysed in GST-lysis buffer (Profinia, BIO-RAD) and purified according to the manufacturer's instructions for GST-fusion proteins. GSTtagged Rht-PBD (amino acids 7-89, rhotekin) and PAK-PBD (amino acids 67-150, PAK) were isolated on GST-bind resin (Novagen), quantitated, and stored as described (Pellegrin and Mellor, 2008) .
Rho GTPase Activation Assays and Western Analyses
HeLa cells were transfected with 6 mg of vector, Fic2-EGFP, Fic2-H3717A-EGFP, or Fic1-EGFP along with 4 mg of 3XHA-tagged activated RhoA-G14V or Rac-G12V or dominant-negative RhoA-T19N or Rac-T17N for 15 hr before extract preparation. The assay was carried out as described (Pellegrin and Mellor, 2008) using the Rht-PBD and PAK-PBD beads. Proteins were separated by 12% SDS-PAGE, transferred to nitrocellulose membrane, and blotted with anti-HA.11 (Covance) followed by anti-rabbit HRP secondary (Amersham Bioscience). Luminescence was detected with the SuperSignal chemiluminescence kit from Pierce.
Immunoprecipitations
After transfection for 16-20 hr, HeLa cells were lysed with modified RIPA buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1% Nonidet P40, containing 1.0 mM pefabloc [Roche], 1.0 mM benzimidine hydrochloride, 1 mM leupeptin, 1 mM E64). The homogenate was centrifuged at 14,000 3 g at 4 C for 20 min, and the supernatants were incubated with HA-agarose beads (Roche) for 2-4 hr at 4 C with gentle rotation. Beads were washed four times with ice-cold modified RIPA buffer, twice with modified RIPA buffer containing 500 mM NaCl, and twice with 13 adenylylation reaction buffer (described below). Extracts were prepared from three to four 100 mm dishes of HeLa cells for each Rho GTPase, and the beads were resuspended in 50 ml of 13 adenylylation buffer for use in the in vitro assays.
In Vitro Adenylylation Assays
Approximately 100 ng of GST-Fic1, GST-Fic2, GST-HYPE, or their His mutants or 253 CCS from H. somni strains 2336 and 129Pt were incubated with 500 ng of GST-RhoA, Rac, or Cdc42 or their Tyr mutants or 60 mg of HEK293T cells extracts in 40 ml adenylylation reactions containing 25 mM Tris-HCl (pH 7.5), 3.0 mM MgCl 2 , 1 mM DTT, 0.5 mM EDTA, and 5 mCi a 32 P-ATP for 30 min to 1 hr at 30 C. g 32 P-ATP and a 32 P-GTP replaced the a 32 P-ATP in specified reactions. Reactions were stopped by adding NuPAGE loading buffer (Invitrogen). Reaction products were separated on 12% SDS gels and visualized by autoradiography and western blot analysis with antibody to Cdc42 (Santa Cruz Biotechnology, Inc., CA) where indicated. In indicated reactions, HA-tagged activated and dominant-negative GTPases immunoprecipitated from HeLa or 293T cells were substituted for the bacterially expressed GTPases. Mammalian cell extracts were prepared by Dounce homogenizing HEK293T cells harvested at 90%-100% confluency in a hypotonic buffer (10 mM HEPES [pH 7.9], 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT, 1 mM pefabloc, 1 mM benzimidine hydrochloride, 1 mM leupeptide, 1 mM E64) and collecting the supernatant from a 13,000 rpm centrifugation.
Phosphodiesterase Assays
Approximately 50 ng of GST-Fic2 was incubated with 250 ng of GST-Rac in a 40 ml adenylylation reaction containing 5 mCi aP 32 -ATP (as described above).
A 10 ml aliquot was removed to represent the zero time point. The remainder of the reaction was treated with 1 unit of snake venom type I PDE or bovine spleen type II PDE (Worthington Biochemical Corp., Lakewood, NJ) at room temperature. Aliquots (10 ml) were removed at 15, 30, and 60 min following PDE treatment. The reactions were stopped by adding NuPAGE loading buffer (Invitrogen). Reaction products were separated on 12% SDS gels and visualized by autoradiography.
Mass Spectrometry
Modified Cdc42, Rac, and RhoA protein (50 pmol) prepared in an in vitro adenylylation reaction using nonradioactive ATP were diluted in 50 ml of 50 mM ammonium bicarbonate, reduced with 2 mM DTT, and alkylated with 4 mM iodoacetamide for 30 min. Following tryptic digests, 2 ml of the peptide mixture was analyzed by automated microcapillary liquid chromatography-tandem mass spectrometry (see the Supplemental Data available online). The MS/ MS data was searched with Inspect (Tanner et al., 2005) against an E. coli database with Cdc42, Rac, and RhoA added with optional modifications: +16 on methionine, +57 on cysteine, +329 Da on either tyrosine, lysine, threonine, or histidine. Only peptides with at least a p value of 0.01 were analyzed further. For verification purposes, the peptides were also introduced through a HPLC gradient into a Thermo LTQ Orbitrap mass spectrometer. Full mass (MS) spectra were recorded on the peptides over a 400-2,000 m/z range at 30,000 resolution, followed by targeted MS/MS at 7,500 resolution on AMPmodified peptides at m/z 821.86 for Cdc42, m/z 1139.47 for Rac, and m/z 992.24 for RhoA.
Cytotoxicity Assays
Histophilus somni strain 2336 was cultured on Brain/Heart Infusion (BHI) agar with 5% calf blood in Alsevers' solution (Colorado Serum Company, Denver, CO) at 37 C in a candled jar. CCS was prepared as described (Supplemental Data). CCS was added to cells at a final concentration of 203 in DMEM. HeLa cells were incubated with bacteria or CCS for 4 hr, washed with PBS, fixed with 4% paraformaldehyde, and stained with rhodamine phalloidin (actin) and DAPI (Molecular Probes, Eugene, OR). The rounded or retracted cells in ten microscope fields were manually counted and reported as a percentage of the total number of cells in the field as determined by DAPI-stained nuclei. Cells retracted or rounded due to mitosis as assessed by the DAPI signal were excluded from the calculations.
Inhibition of Cytotoxicity with DR2-Specific Antibody
Antibody against GST-Fic2 was raised in rabbits (Cocalico Biologicals, PA). Inhibition of cytotoxicity was also determined with a serum pool obtained from two convalescent calves (identification numbers E5 and E7) 5 weeks after experimental H. somni pneumonia (Gogolewski et al., 1987b) . The rabbit or the bovine convalescent serum was incubated at a 1:100 dilution in DMEM for 45 min (at room temperature for H. somni or 4 C for CCS) prior to addition to HeLa cells, and cytotoxicity was determined as described above.
Statistical Analysis
Data were analyzed with one-way ANOVA using GraphPad Prism program. Treatment groups were compared using Bonferroni multiple comparison tests.
SUPPLEMENTAL DATA
The Supplemental Data include Supplemental Experimental Procedures and can be found with this article online at http://www.cell.com/molecular-cell/ supplemental/S1097-2765(09)00198-1.
